TBA, 13.9 and 5.3; and TPeA, 8.8 and 7.6. However, the transporters had very different affinities for cimetidine (CIM): IC 50 of 916 µM for rbOCT1 and 5.7 µM for rbOCT2.
The renal tubular transport of organic substances plays an essential role in the clearance from the body of xenobiotics, such as drugs, numerous chemicals contained in our environment, and some metabolites. In general, the sequence of tubular secretion of organic cations involves basolateral uptake, accumulation into the cell and subsequent extrusion from the cell into tubular fluid across the luminal membrane of renal epithelia cells (35) . Secretion and reabsorption of organic cations have been described in renal proximal tubules but may also occur in distal tubules or collecting ducts (1, 2, 6, 24) .
The mechanisms mediating tubular secretion have been intensively studied in various experimental preparations from rabbit kidney, including perfused (9, 24, 38) and nonperfused (5, 10, 15, 38) tubules, apical (12, 26, 29, 44, 45) and basolateral (28, 39, 44) membrane vesicles, and isolated tissue slices (21). Results from these studies identified two distinct functional classes of organic cation transporter (OCT), one localized at the basolateral membranes that is stimulated by the inside-negative membrane potential of proximal cells, and the other at the brush-border membrane that is stimulated by an inwardly-directed proton gradient (35) .
Using expression cloning and molecular cloning strategies, at least 5 OCT members have been identified from mammalian tissues, including OCT1, OCT2, OCT3, OCTN1, and OCTN2 (8) . Among these members, apparent expression levels implicate OCT1 and OCT2 as major renal organic transporters that use membrane potential as a driving force. OCT1 has been cloned in the rat (17), human (46), mouse (14) , and rabbit (42). OCT2, in addition to the rat, mouse, and human (13, 30, 32) , has been cloned from the pig (16); OCT2 has not been cloned from the rabbit. There are distinct species Ms F-00367-2001.R2 differences in the tissue distribution of OCT1 and OCT2. Rat OCT1 (rOCT1) is expressed most abundantly in kidney, moderately in liver and at very low levels in intestine (17). In contrast, human OCT1 (hOCT1) is expressed abundantly in the liver, is scarce in the kidney, and not evident in intestine (13, 46) . In rabbit, OCT1 (rbOCT1) distribution is quantitatively similar to that in the human, with highest expression in liver, although mRNA transcripts are detectable at significant levels in kidney and intestine (42). In human, rat, and mouse, OCT2 expression is largely confined to the kidney (13, 30, 32) . Immunocytochemistry of cortical tissue from the rat (20, 41) and human (31) confirms that OCT1 and OCT2 expression are restricted to the basolateral membrane of proximal tubule cells. In the rat, OCT1 expression is largely restricted to the early (S1) and middle (S2) segments of proximal tubule, with OCT2 expression restricted to the S2 and S3 segments (20) . Thus, in the rat there is co-expression of OCT1 and OCT2 in (at least) the S2 segment of proximal tubule. In the human, only OCT2 expression is evident in proximal cells (31) . Importantly, neither immunolocalization nor in situ hybridization provides evidence on the functional distribution of transport activity of co-expressed transporter homologs. Functional differences in expression of OCT homologs are not understood in any species.
Rabbit kidney offers one of the few working models of intact renal tubule function, so it is of considerable interest to understand the physiological roles within proximal tubule of OCT1 and OCT2. To this end, we have cloned rabbit OCT2 (rbOCT2), and compared functional characteristics and sub-segmental distribution of rbOCT1 and rbOCT2 in the proximal tubule. Although the two homologs had similar substrate specificities, rbOCT2 generally showed a higher affinity for substrates than Ms F-00367-2001.R2 rbOCT1. Subsegmental localization studies by PCR suggested only rbOCT2 was expressed in S2 segments in the rabbit kidney. Based upon the profile of cimetidine inhibition of TEA transport in cells expressing OCT1 or OCT2, and in isolated single S2 segments of proximal tubule, we concluded that OCT2 is the major contributor to basolateral organic cation transport in the S2 segment of proximal tubule in rabbit kidney. for 20 min. The RT reaction (2 µl) was used directly for amplification. The PCR solution was assembled and heated at 94°C for 3 min before Pfu DNA polymerase was added. Subsequently, PCR was performed using the following profile: 94°C for 1 min, 54°C for 1 min, 72°C for 2 min for 35 cycles. The last cycle was terminated after an elongation time of 7 min. A 406-bp RT-PCR product was gel purified and sequenced.
METHODS

Materials
To obtain the remaining 5'-portion and 3'-portion of rabbit kidney OCT2 sequence, the PCR-based 5-RACE system and 3-RACE system (Gibco-BRL) were utilized. Briefly, two gene specific primers (5'-GGAAGCACACCTGCATCTTG-3'(sense); and 5'-GAGATTCCTGATGAACGTGG-3'(antisense)) were designed from the partial rbOCT2 sequence. Both the 5' and the 3' RACE reactions were primed with an internal genespecific primer and an adaptor primer. The PCR reactions were performed according to the manufacturer's protocols. The RACE products were gel purified and subcloned into the mammalian expression vector pcDNA3.1. The two overlapped RACE products were digested by BamH I/EcoR I and then ligated to form a full-length cDNA of rbOCT2. Ms F-00367-2001 by individually transferring the tubule segments into 10 µl of 6 N NaOH that was dispensed into microwells of a plastic 60-well plate (Nunc Inc., Naperville, IL). A 10 µl syringe was used to transfer the NaOH solution (and the tubule segment) into separate plastic scintillation vials that contained 300 µl of distilled water. Each microwell was rinsed twice with 10 µl of distilled water that was added to their respective scintillation vials. The radioactivity in each vial was measured using liquid scintillation spectrometry.
Three to four tubule segments were used for each experimental and each control condition.
RT-PCR analysis. RT-PCR was performed with mRNA from isolated S2 segments and rbOCT1 and rbOCT2 specific primers (for rbOCT1, a 499-bp fragment derived from 5'-ATGGTGTGTTCTGCGCTA -3'(sense), and 5'- Ms F-00367-2001.R2 CCACTGGAACAGGAAGCA -3'(antisense); and for rbOCT2, a 406-bp fragment derived from 5'-GTCAGAACYCCTCAGATAAG -3'(sense), and 5'-GATGCCRCCRATGTCAC -3'(antisense)). Subsequent PCR was carried out in separate reactions employing identical parameters using primers for either rbOCT1 or rbOCT2 and equivalent amounts of tubule RT reaction.
Data analysis. Uptake values are presented as mean ± standard error (S.E.) as indicated in the figure legends. In each experiment, a minimum of three wells was used to generate each data point, and each experiment was repeated at least three times.
Amino acid sequences and pairwise sequence alignments were analyzed with default parameters with the ClustalW algorithm available on the internet from Network Protein Sequence Analysis (http://npsa-pbil.ibcp.fr/cgibin/npsa_automat.pl?page=/NPSA/npsa_server.html)
RESULTS
Molecular properties of rbOCT2.
A 406-bp RT-PCR product was generated by PCR amplification using degenerate oligonucleotide primers designed from consensus sequences of human, rat, mouse and pig OCT2. A PCR-based 5'-RACE system and 3'-RACE system were utilized to obtain the remaining 5'-portion and 3'-portion of rabbit relative to that obtained for rbOCT2 (Fig. 6) . In some cases, the ratio was comparatively small, e.g., ratios of 1.2 and 1.5 for TPeA and TEA, respectively, indicating that the two homologs had similar affinities for these molecules. However, several compounds showed substantially higher affinities for rbOCT2 than for rbOCT1. Cimetidine showed the most marked difference in apparent affinity for the two transporters (Figs. 6 and 7), with the IC 50 for rbOCT1 (916 µM) being 160 times higher than that for rbOCT2 (5.7 µM) ( Table 1) . The fluorescent cation, NBD-TMA, also displayed a much higher affinity for rbOCT2 (IC 50 of 3.6 µM) than for rbOCT1 (IC 50 of 129 µM) ( Table 1 ; Fig 6) .
Distribution of rbOCT1 and rbOCT2 in the S2 segment of rabbit proximal tubule.
The marked difference in apparent affinity of cimetidine for the two rabbit OCT homologs suggested that cimetidine could be used as tool to examine the relative Ms F-00367-2001.R2 contribution of OCT1 and OCT2 to basolateral organic cation transport in the intact proximal tubule. Figure 8 shows the effect of increasing concentrations of cimetidine on the basolateral uptake of [ 3 H]TEA into single, non-perfused S2 segments of rabbit renal proximal tubule. Cimetidine proved to be a high affinity inhibitor of basolateral TEA uptake. In five separate experiments with tubules from different rabbits, the average IC 50 for cimetidine's inhibition of TEA uptake was 19.5 ± 8.4 µM. In one of those experiments the IC 50 was particularly high (52 µM), and we consider the median value of 12.3 µM to be more representative of the inhibitory effect of cimetidine on basolateral OC transport in intact S2 segments. This value is very similar to the 10 µM concentration reported to produce half-maximal steady-state accumulation of cimetidine in single rabbit S2 segments (7) . With respect to the issue of which OCT homolog is expressed in proximal S2 segments, the IC 50 of ~12 µM in the intact tubule was more comparable to the 6 µM IC 50 against rbOCT2 than to the value of ~900 µM for inhibition of rbOCT1. This supports the conclusion that OCT2 is the major contributor to basolateral organic cation transport (at least for TEA and cimetidine) in the S2 segment of proximal tubule in rabbit kidney.
We also compared mRNA expression of rbOCT1 and rbOCT2 in individual S2
segments of rabbit renal tubule by RT-PCR. In control experiments, the primers employed were shown to amplify appropriately sized products using the respective cDNAs as templates (data not shown). However, when the RT material derived from single S2 segments (single tubules from three rabbits) was used as template, amplified product was only apparent using the primers for OCT2 (Fig. 9) , consistent with the Ms F-00367-2001.R2 conclusion that OCT2 mRNA is expressed to a much greater extent in the S2 segment of rabbit proximal tubule than is mRNA for OCT1. To compare the functional characteristics of rbOCT1 and rbOCT2, we transfected rbOCT1 and rbOCT2 into COS-7 cells. The two transporters had similar apparent affinities for transport of TEA (188 vs. 125 µM, respectively; Fig. 5 ), and the ratio of IC 50 values (OCT1/OCT2) were comparatively similar (i.e., ~3 fold difference or less) for several other organic cations, including the n-tetraalkylammonium compounds, TPeA, TBA and TMA (Fig. 6) . However, substantial differences were noted in the relative affinity of several OCs for OCT1 vs. OCT2. The greatest differences were noted for cimetidine, with an OCT1 IC 50 of >900 µM compared to OCT2 IC 50 of 6 µM ( Fig. 6 ; Ms F-00367-2001.R2 Table 1 ), and NBD-TMA, with an OCT1 IC 50 of 129 µM vs. 4 µM for OCT2 ( Fig. 6 ; Table 1 ). These results confirm that in the rabbit, as in other species, OCT transporters display a broad specificity for cationic substrates. The results also indicate that, despite their broad specificity, steric features of selected substrates must strongly influence binding to the transport receptors of these closely related homologs.
DISCUSSION
It is interesting to compare the results obtained here for rabbit OCT1 and OCT2
with those recently reported for the rat orthologs. It should be emphasized that such comparisons need to be made cautiously. Here, we limit the comparisons to those studies that directly compared the relative affinity of rOCT1 and rOCT2 for a common set of substrates. As shown in Figure 10 , the similar affinity of rabbit OCT1 and OCT2 for TEA is a characteristic shared by the rat orthologs of these processes. Nevertheless, it is worth noting that the absolute values for K t s/K i s/IC 50 s for interaction of TEA with the rat
OCTs varied between studies, ranging from about 100 µM (3) to 150 µM (33) when expressed in oocytes, to about 50 µM when expressed in MDCK cells (43). The relative interaction of OCT1 and OCT2 with cimetidine produced the most striking disparities.
As noted previously, in the present study with rbOCTs, there was a 160-fold difference in the IC 50 for cimetidine inhibition of OCT1 (~900 µM) vs. OCT2 (~6 µM). In two studies comparing the interaction of cimetidine with rat OCT1 and OCT2, there was virtually no difference in the relative interaction of OCT1 and OCT2 with this compound. There was, though, a very large difference in the absolute affinity of the transporters for cimetidine, with IC 50 s of ~350 µM when they were expressed in oocytes (33) compared to IC 50 s of 6-9 µM when they were expressed in cultured MDCK cells (43 corticosterone as an OCT1 selective inhibitor). They noted that such marked differences could be used to dissect out the individual contributions of these processes in intact proximal tubule preparations. However, the variability in interaction of substrates with
OCTs noted above, which may reflect species and/or expression system influences, underscores the importance of using caution when results obtained with cloned transporters are used to make predictions about the expected behavior of these processes in native tissues from other species (e.g., the human).
Having emphasized this important caveat, it was nevertheless tempting to use the large difference in apparent affinity for cimetidine of rbOCT1 and rbOCT2 to examine the level of functional expression of these two homologs in the S2 segment of rabbit proximal tubule. The comparatively high affinity of the S2 segment for cimetidine (IC 50 of ~12 µM; Fig. 8 ) compared closely with the high affinity of rbOCT2 (IC 50 of ~6 µM; Fig. 7) , and contrasted markedly with the low affinity of rbOCT1 (IC 50 of ~1 mM; Fig. 7) for this compound. Again, it is important to acknowledge the underlying assumption that the OCT affinities expressed in COS-7 cells are those occurring when these processes are expressed in their native cell type. However, the similarity between the K t s for TEA Ms F-00367-2001.R2 transport observed for OCT1 and OCT2 in COS-7 cells (180 and 120 µM, respectively) and the K t for TEA transport in single proximal tubule segment from rabbit kidney (108 µM; (15) After incubation, the radioactivity of solubilized cells was counted. Each point Ms F-00367-2001.R2 represents the mean ± S.E. of three individual experiments with three wells of cells for each experiment. 
